1 2 Evolutionary transitions in animal diets often coincide with shifts in the microbiome, but 3 the degree to which diet-microbiome feedbacks vary across host taxa and development is 4 unresolved. We examined these potential feedbacks from the perspective of Lepidoptera 5 (butterflies and moths), a diverse clade in which little is known about adult-stage microbial 6 associations. With the exception of Heliconius butterflies, most lepidopteran adults are short-7 lived and either feed on simple substrates, like nectar, or do not feed at all. Heliconius consume 8 pollen as adults, which provides amino acids and allows the butterflies to have an extended 9 lifespan. Using 16S rRNA gene sequencing of 214 field-collected individuals, we found that 10 adult passion-vine butterfly microbiomes exhibited a strong signal of host phylogeny, with a 11 clear distinction between Heliconius and non-pollen-feeding relatives. This pattern was largely 12 driven by differing relative abundances of bacterial phylotypes shared among host taxa, as 13 opposed to the presence or absence of host-specific phylotypes. Using shotgun metagenomic 14 sequencing, we also discovered trypanosomatids and microsporidia to be prevalent in butterfly 15 guts, suggesting potential interactions with co-localized gut bacteria. Overall, we show that a 16 major transition in adult-stage lepidopteran diet and life history coincides with a shift in 17 microbiomes, and our work provides a foundation for future tests of microbiome function in 18 adult butterflies. 19 20 Lepidoptera (butterflies and moths) are a diverse and ecologically important group in 31 which microbiome roles are likely to be highly specific to certain host taxa and life stages. For 32 lepidopteran larvae (caterpillars), even major shifts in larval diet do not coincide with 33 functionally relevant shifts in the microbiome [9][10][11]. Lepidopteran larvae typically harbor a 34 very low number of gut microbes, and most of these microbes are transient with the exception of 35 pathogen infections [9]. However, the microbiomes of insects that undergo complete 36 metamorphosis, such as Lepidoptera, often exhibit profound shifts in size, composition and 37 function across host life stages [7]. A recent survey of various butterfly species found that adult-38 stage gut bacterial communities were generally abundant (median ~10 8 16S rRNA gene copies 39 per gut) and distinct from diet-associated bacterial communities [12]. It is possible that 40 evolutionary transitions in the diet of adult lepidopterans could cause, or be caused by, 41 concomitant transitions in adult-stage microbiomes. 42
Introduction 21 22
A major goal of contemporary microbial ecology is to identify the factors that influence 23 the structure and function of host-associated microbiomes. In animals, diet has emerged as a 24 consistently strong predictor of microbiome structure [1] [2] [3] . In some cases, microbes are also 25 known to directly facilitate evolutionary transitions in host diet through their contributions to 26 digestion, nutrient synthesis, or detoxification [4] [5] [6] . However, there are many animal taxa for 27 which comparative microbiome data are either unavailable or only available for a specific phase 28 of their development. This makes it difficult to generalize diet-microbiome interactions, as both identification. These ESVs combined typically made up a low proportion of reads from the 134 Beta diversity statistics and plots are based on Bray-Curtis dissimilarities and/or 135 UniFrac distances (weighted and unweighted). To obtain a bacterial phylogeny for the latter, we 136 used the fragment-insertion method [33] to place our ESV sequences into the Greengenes 137 reference tree [34] . The butterfly phylogeny is from [35] (TreeBASE #Tr77496). [Note that 138 although this phylogeny nests aoede within Heliconius, the phylogenetic position of this species 139 is held by some to be uncertain (J. Mallet, pers. comm.)]. Four of the butterfly species in our 140 sample set contained specimens from two distinct subspecies (e.g, Heliconius sara sara and 141
Heliconius sara magdalena). To include these in the species-level host phylogeny, we inserted 142 subspecies tips halfway along the terminal branches to their sister subspecies. Hereafter we refer 143 to these subspecies as "species" for simplicity. 144
To test for host-phylogenetic signal in microbiomes, we used Mantel tests with 9999 145 permutations to calculate the correlation between microbial community dissimilarities/distances 146 and host phylogenetic distances [36] . Intraspecific variation in microbiomes was handled by 147 averaging the pairwise dissimilarities/distances between all individuals of one species and all 148 individuals of another species. We used the phytools package [37] to visualize concordance 149 between topologies of the host phylogeny and a dendrogram of bacterial community 150 dissimilarities. Nodes were rotated with the "cophylo" function in phytools to maximize tip 151 matching between the two trees. corroborated that significant test results were due to host genus-level differences in location and 155 not dispersion [39] . We used a nonparametric statistical test (Wilcoxon rank-sum) to identify 156 bacterial genera that differed in relative abundance between host taxa or between sample types 157 (gut versus head/thorax) and applied a false discovery rate correction to the resulting p values. and which tends to be enriched in whole bodies ( Fig. S1 ). Likewise, Acinetobacter was ~10-fold 196 more relatively abundant in head/thorax samples than in guts (Table S1) . Orbus, Enterobacter, 197 Asaia, and some other dominant bacterial genera are clearly enriched in gut tissue (Table S1) whole-body bacterial communities ( Fig. 1 ). Microbiomes clustered by host genera to varying 229 degrees depending on the distance metric used. The effect was strongest with taxonomic or 230 phylogenetic metrics that incorporate information on the relative abundances of exact sequence 231 variants (ESVs) (Bray-Curtis: R 2 = 0.13, p = 0.001; weighted UniFrac: R 2 = 0.18, p = 0.001) as 232 opposed to purely presence/absence-based metrics (Jaccard: R 2 = 0.11, p = 0.001; unweighted 233 UniFrac: R 2 = 0.10, p = 0.001). Six individuals of the non-pollen-feeding species Heliconius 234 aoede (formerly Neruda aeode; see Methods) had bacterial communities more similar to those 235 found in pollen-feeding Heliconius individuals, while two individuals had communities more 236 similar to those found in other butterfly genera ( Fig. 1) . 237 As suggested by the host genus-level clustering, we found that variation in butterfly 245 microbiome composition was associated with host relatedness (phylogenetic distance). More 246 closely related butterfly lineages harbored more similar microbiomes (Bray-Curtis: Mantel r = 247 0.40, p = 0.01), and the topologies of the butterfly phylogeny and the dendrogram of microbiome 248 similarity were moderately congruent (Fig. 2) . This pattern was still statistically significant when 249 microbiome variation was measured using weighted UniFrac distances (Mantel r = 0.31, p = 250 0.03), but not when using unweighted UniFrac (Mantel r = 0.03, p = 0.41) or Jaccard distances 251 (Mantel r = 0.19, p = 0.08), which do not incorporate relative abundance information. Apibacter showed the opposite pattern ( Fig. 3) . None of these bacterial genera, however, were 265 exclusively restricted to one host feeding guild, genus, or species, and their relative abundances 266 were occasionally highly variable (Fig. 3) . We also analyzed the data at the ESV-level, including 267 all individual ESVs that were reasonably abundant within at least one host species (≥ 5% within-268 species average). We did not find evidence for prevalent host species-or genus-restricted ESVs 269 ( Fig. 4 ). Most ESVs are present, albeit with varying relative abundances, across host genus and 270 species boundaries. However, ESV_22 (Chryseobacterium) is notable as being abundant in 271 nearly all pollen-feeding species and rare or absent from non-pollen-feeding host species, 272
including H. aoede. ESVs in the dataset that had ≥ 5% mean relative abundance across conspecific individuals for one or more host species.
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For each ESV, the species-level mean relative abundance in whole-body samples, after log transformation, is indicated 293 by the color of the cells (white = not detected in that species). Note that bacterial genera (labeled at the top) contained 294 varying numbers of ESVs that met the aforementioned prevalence threshold.
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Amplicon-derived ESVs are limited in their ability to resolve bacterial strains as they 297 represent only a short fragment of the 16S rRNA gene (here, ~250 bp). To test for potential host 298 specificity at a finer level of resolution, we obtained near-full-length 16S rRNA gene sequences 299 from the bacterium Orbus, which is highly prevalent across gut and whole-body samples (Fig. 3,  300 Fig. S1) and almost exclusively composed of a single ESV (Fig. 4) . These sequences were 301 reconstructed from the 12 metagenomes in which Orbus was sufficiently abundant. A phylogeny 302 based on these sequences and other Orbaceae shows that butterfly-associated Orbus form a 303 single, well-supported clade (Fig. 5 ). Host-phylogenetic or geographic structure was not evident 304 within this clade. In fact, many of the Panamanian heliconiine butterflies harbored Orbus that 305 have identical or nearly-identical 16S rRNA gene sequences to an Orbus strain isolated from an 
317
We also used the shotgun metagenomes to search for microbial eukaryotes in butterfly 318 gut samples, and found that microsporidia and trypanosomatids were prevalent (27% and 47% of 319 the 15 individual samples analyzed, respectively) ( Fig. S3 ). When trypanosomatids were 320 detected in a given sample, we also sometimes detected 16S rRNA gene reads in the 321 metagenomic data classified as Kinetoplastibacterium, an obligate bacterial endosymbiont of 322 certain trypanosomatids [51] . Kinetoplastibacterium was not detected without its corresponding 323 trypanosomatid host (Fig. S3 ). This observation led us to reexamine the larger, amplicon-based 324 Using extensive field collections of 21 species and subspecies of heliconiine 350 butterflies, we found that adult Heliconius have relatively low-diversity bacterial communities 351 that are compositionally distinct from those found in their non-pollen-feeding relatives (Fig. 1,  352   Fig. 3 ). Most of the dominant bacterial taxa were present in isolated gut tissue, but others were 353 enriched elsewhere in the body, such as the hemolymph or structures in the head and thorax (Fig.  354 S1, Table S1 ). Beyond the clear separation of Heliconius from other heliconiine genera, there 355 was also strong a phylogenetic signal in adult heliconiine butterfly microbiomes (Fig. 2) . The 356 strength of this signal was comparable to that observed in mammalian gut microbiomes [3] and 357 other host groups [36] . 358
Host-phylogenetic structure in microbiomes can arise from host-microbe co-359 diversification and/or contemporary host filtering of environmental microbes [4, 36] . Given that 360 the dominant bacterial taxa appear to be largely shared among host lineages (discussed below), 361
we suggest that host filtering is likely to be particularly important in heliconiine butterflies. For 362 example, the shift to pollen-feeding in adult Heliconius represents a major change in nutrient 363 inputs, potentially altering which resident bacteria are able to proliferate in the gut. Pollen itself 364 also harbors microbes [52], some of which may colonize the gut. Community assembly in the 365 adult stage could also be influenced, in part, by dynamics occurring in earlier life stages [7] . have been identified [62, 63] . Whether microbes contribute to this process is still unclear, but we 383 identified candidate bacterial taxa that are overrepresented in the head and thorax (Table S1) , 384 structures that contain the proboscis and salivary gland. The exact localization and role of these 385 microbes is worth more detailed investigation. 386
Based on the amplicon-based data, we found that microbiome differences across 387 heliconiine butterflies were largely driven by shifts in the relative abundance of shared bacterial 388 genera and ESVs, as opposed to the presence or absence of host-specific bacterial taxa. These 389 bacteria might be widely distributed among larval host plants or adult nectar sources, and 390 independently acquired by different butterflies. Sympatric butterfly species might also exchange 391 bacteria, given their frequent co-occurrence at nectar sources. Flowers can act as hubs for the 392 horizontal transmission of microbes among pollinators [64, 65] . 393
The amplicon data were based on a short region of the 16S rRNA gene and might obscure 394 finer-scale diversity and bacterial distribution patterns among hosts. We examined this 395 possibility using near-full-length 16S rRNA gene sequences from the bacterium Orbus. As 396 inferred from the amplicon data, this genus was represented by a single ESV that was nearly 397 ubiquitous across all butterflies (Fig. 4) . We found additional diversity among the longer 398 sequences, but within butterflies, different Orbus phylotypes did not segregate by butterfly host-taxonomic specificity ( Fig. 5 ; also see [49] ). Potentially, the Orbaceae have diversified into 401 loosely insect-order-specific lineages which at finer scales (e.g. within butterflies) frequently 402 disperse among host taxa and regions. However, we note that the 16S rRNA gene evolves 403 slowly, making it difficult to differentiate environmental transmission from co-diversification in 404 a young host radiation such as the Heliconiini [35] without additional information [4] . 405
Adult butterflies clearly structure the composition of their bacterial communities, but the 406 reciprocal effect of these microbes on adult butterfly biology is completely unknown. A recent 407 study found nectar-and fruit-feeding butterflies to host gut microbes with different abilities to 408 metabolize substrates in vitro [12] , but whether these differences are expressed in vivo and 409 whether they would matter for host nutrition remains unclear. A subsequent experiment on the 410 butterfly Speyeria mormonia using antibiotics did not find a strong relationship between gut This study provides the first in-depth characterization of Heliconius and other passion-429 vine butterfly microbiomes, adding a new dimension to a classic model system in evolutionary microbiomes advances previous work on Lepidoptera feeding ecology and microbial 432 interactions, most of which has focused on the larval stage. The ecological dynamics of 433 microbiomes appear to be very different between larval and adult life stages, at least for 434 lepidopteran groups that feed as adults. We also identified a strong host phylogenetic signal in 435 passion-vine butterfly microbiomes, and speculate that it arises from host filtering of 436 environmental microbes with conserved dietary or behavioral traits, as opposed to co-437 diversification. 438
The unique microbiome in Heliconius likely represents a response to the nutritional 439 and microbial inputs from pollen, but may also represent a functional contribution to host pollen 440 digestion. However, despite these microbial community-level differences, individual bacterial 441 taxa were typically shared across host species and diet guilds. We suggest there is also overlap in 442 microbiome function among hosts. In particular, the common occurrence of putative parasites in 443 guts of various host species points to colonization resistance as a candidate function of adult 444 microbiomes in passion-vine butterflies. Manipulative experiments can now be performed, 445 informed by our characterization of natural microbial community structure across butterfly hosts. 
